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Production and hosting byAbstract South China Sea (SCS) is the largest Western Pacific marginal sea. However, microbial
studies have never been performed in the cold seep sediments in the SCS. In 2004, “SONNE” 177 cruise
found two cold seep areas with different water depth in the northern SCS. Haiyang 4 area, where the
water depth is around 3000 m, has already been confirmed for active seeping on the seafloor, such as
microbial mats, authigenic carbonate crusts and bivalves. We investigated microbial abundance and diver-
sity in a 5.55-m sediment core collected from this cold seep area. An integrated approach was employed
including geochemistry and 16S rRNA gene phylogenetic analyses. Here, we show that microbial abun-
dance and diversity along with geochemistry profiles of the sediment core revealed a coupled reaction
between sulphate reduction and methane oxidation. Acridine orange direct count results showed that
microbial abundance ranges from 105 to 106 cells/g sediment (wet weight). The depth-related variation
of the abundance showed the same trend as the methane concentration profile. Phylogenetic analysisaboratory of Biogeology and
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Y. Zhang et al. / Geoscience Frontiers 3(3) (2012) 301e316302indicated the presence of sulphate-reducing bacteria and anaerobic methane-oxidizing archaea. The diver-
sity was much higher at the surface, but decreased sharply with depth in response to changes in the
geochemical conditions of the sediments, such as methane, sulphate concentration and total organic
carbon. Marine Benthic Group B, Chloroflexi and JS1 were predominant phylotypes of the archaeal
and bacterial libraries, respectively.
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Cold seep sediments represent one of the most extreme marine
conditions and offer unbounded opportunities to discover the
interactions between macroorganisms/microbes and geochemical
processes. Defining the diversity and distribution of microbial
communities in marine cold seep sediments has been a long-
standing challenge in the field of microbial ecology and evolution
(Li et al., 1999). Cold seeps are characterized by fluids seepage
into surface sediments, and the fluids have elevated methane and/
or sulfide concentrations over those of ambient seawater. The first
cold seep ecosystem was discovered on the Florida Escarpment in
the Gulf of Mexico (Paull et al., 1984). Subsequently, seeping sites
were found in different geological settings, including active [e.g.
Northern Pacific (Kojima, 2002)] and passive margins [e.g. Flor-
ida Escarpment in the Gulf of Mexico (Paull et al., 1984)] at
depths ranging from 10 m (Jensen et al., 1992) to at least 7300 m
(Jumars and Hessler, 1976).
Microbial chemosynthetic carbon fixation is the basis for the
food web at cold seeps. Microbial-driven metabolic processes, such
as aerobic oxidation of methane, anaerobic oxidation of methane
(AOM), methanogenesis, sulphate reduction, sulfide oxidation, and
petroleum hydrocarbon oxidation, have been recognized (Aharon
and Fu, 2000; Hinrichs et al., 2000; Formolo et al., 2004; Inagaki
et al., 2004; Joye et al., 2004; Niemann et al., 2006). In these
processes, AOM presumably coupled to sulphate reduction facili-
tates formation of carbonates and, in many places, generates
extremely high concentrations of hydrogen sulphide in pore waters
(Levin, 2005). Methane can also be oxidized aerobically to CO2 by
aerobic methanotrophic bacteria that live at the interface between
anoxic, methane-rich sediments and oxic seawater (Reed et al.,
2009). In cold seep environments, microorganisms contribute to
the growth of invertebrates as symbionts and play an important role
in the sulphur cycle (Kennicutt et al., 1985).
Microbial community structures have been investigated in
different typological cold seep areas around the world, such as the
Gulf of Mexico (Yan et al., 2006), Hydrate Ridge (Knittel et al.,
2005), Mediterranean Sea (Heijs et al., 2007; Omoregie et al.,
2009), Nankai Trough (Arakawa et al., 2006), Sagami Bay
(Fang et al., 2006; Takishita et al., 2007), and Marmara Sea (Ritt
et al., 2010). Those previous studies showed that different cold
seep areas harboured characteristic microbial community struc-
tures. For example, in Sagami Bay, g-proteobacteria and d-pro-
teobacteria were the dominant bacterial phylotypes, and
Euryarchaeotes including the anaerobic methane oxidation group
(ANME)-2a and ANME-2c were detected (Fang et al., 2006). In
Nankai Trough cold seep, Gammaproteobacteria and Deltapro-
teobacteria were identified amongst the bacteria from three depths
of the sediments, but ANMEs and methanogens were only found
in the 600-m deep sediments (Arakawa et al., 2006). In thetropical Timor Sea methane seep, Alpha-, Delta- and Gammap-
roteobacteria and marine group-I (MG-I) were the dominant
bacterial and archaeal phylotypes, respectively (Wasmund et al.,
2009). At Hydrate Ridge, there were only four phylogenetic
archaelal clusters detected, most of which belonged to ANME
(Knittel et al., 2005). In pockmarks and brine seeps of Eastern
Mediterranean mud volcanoes, the microbial activity showed
strong differences with respect to the rates of AOM and sulphate
reduction as well as microbial structures (Omoregie et al., 2009).
In the Gulf of Mexico, anaerobic methane-oxidizing communities
were influenced by hydrocarbons at the gas hydrate and seep sites,
and can be differentiated from those in other normal marine
sediments (Yan et al., 2006).
The South China Sea (SCS) is one of the marginal seas around
the Pacific Ocean. Tectonically, it is a passive margin setting
grading into the SCS Basin and it abuts on the accretionary wedge
formed off-shore with the Southwestern Taiwan Island. During the
past decades, a number of geophysical and geological cruises were
performed in this area, and old and/or active methane seepages
were found in the Dongsha area of the SCS (Suess, 2005). These
cruises also showed the presence of gas hydrates, and gas hydrate
samples were obtained by drilling in the Shenhu area of the
northern SCS in 2007 (Zhang et al., 2007).
During the past decades, a number of geophysical, geological,
biological and geochemical evidences for the presence of gas
hydrates, and cold seeps or fluid and methane vents have been found
in the Haiyang 4 Site. Bottom simulating reflectors (BSRs) were
found in this region (Song et al., 2001). Methane-derived cold seep
carbonates and presence of microbes in these carbonates were
reported by Chen (Chen et al., 2005) and Su et al. (2008). Cold seep
bivalve communities and bacterial mats were observed by seafloor
camera surveys during the Chinese “Haiyang 4” cruises and SO177
cruise (Fig. 1); and an alive bivalve sample was obtained by
“Haiyang 4” in 2004 and abundant dead bivalve shells were colleted
by “SO177” in 2005 (Suess, 2005; Huang et al., 2008). The SO177
cruise also detected high concentrations of methane, sulphate-
methane-interface (SMI), and negative chloride ion anomalies in
sediment cores (TV-guided multi-core and gravity cores) from the
“Haiyang 4” Site area (Suess, 2005; Huang et al., 2008).
A few studies have examined microbial communities in the SCS.
The results showed that archaeal and bacterial diversities of the SCS
sediments were similar to those in other deep-sea sediments (Xu
et al., 2004; Jiang et al., 2007; Li et al., 2008a, b; Zhang et al.,
2010). However, little is known about the microbial community
composition and its correlation with geochemical conditions in cold
seep sediments in the SCS. This knowledge is of great importance for
understanding the biogeochemical processes in globe cold seep
ecosystems. The objective of this study was therefore to study
microbial communities in sediments of a gravity piston core (Core
DSH-1) collected from the cold seep in the northern SCS.
Figure 1 Haiyang 4 area in the northern South China Sea (adapted from Suess, 2005). Abyssal dead seep bivalve communities (white shells)
and light yellow coloured bacterial mats (adapted from Huang et al., 2008). The marked star showed the location of gravity cores (DSH-1 and
SO177-GC9).
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2.1. Study site and sample collection
The study site is located at the end of the Formosa Canyon (FC) in
the Southwestern Taiwan Basin in the northern SCS. The FC has
developed along the northwest part of the LRTF [LuzoneRyukyu
Transform Fault (Hsu et al., 1998, 2004)]. The abyssal plain in and
adjacent to the FC, with a water depth ranging from 2900 m on
flanks to 3400 m at the centre of the FC channel (Fig. 1), is
covered with sediments characterized by silty clay interbedded
with turbidities. Since the first evidence of cold seeps was
discovered by the Chinese research vessel “Haiyang 4”, this area
was named as “Haiyang 4 Area” by the “SONNE” 177 cruise
(SO177), a cruise of the cooperative research project between
Chinese and German leading marine research institutions, i.e. the
Guangzhou Marine Geological Survey and Leibniz-Institut f€ur
Meereswissenschaften Kiel (Suess, 2005; Huang et al., 2008).
Among a number of SO177 gravity cores in the “Haiyang 4
Area”, the SO177 Core GC 9 (2118026.5200N, 11911049.6200E,
3009 m below sea level) is aw850-cm-long and consists mainly of
silty clay interbedded with turbidite layers. Evidences of fluid andmethane vent in this core were found by the SO177 cruise. For
example, the SMI took place at the depth about 600 cm below
seafloor (cmbsf), high concentrations of methane (8000 mmol/L) and
Cl anomaly (540mmol/L)were present at a depth of about 500 cmbsf
and at the base of the core (Suess, 2005; Huang et al., 2008).
In summer 2006, a 5.55-m sediment gravity piston core DSH-1
was collected from thewater depth of 3016mduring the “Haiyang 4”
cruise. Core DSH-1 is located close to the SO177 Core GC 9 (Fig. 1).
Lithologically, Core DSH-1 is composed of silty clay interbedded
with turbidite layers, which was well corresponded to the SO177
Core GC 9, however, it is 300 cm shorter than SO177 Core GC 9.
Onboard geochemical analyses showed a sharp increase of head-
space methane concentration from 2.1 to 20.4 mmol/L at a depth of
about 400 cmbsf at Core DSH-1 (Su et al., 2007), indicating
the presence of SMI. Such relative near seafloor surface occurrence
of SMI provided evidence for methane seepage in this core.
Core DSH-1 was immediately dissected into 50 cm sections
onboard as soon as it was retrieved. The first 5 cm of each section
was cut for microbial analyses. Approximately 1 cm3 sediments
were taken from the top of the 5-cm sections with a syringe and
added into a sterilized bottle with 9 mL filtered (0.22-mm)
seawater. A 4% (v/v) formaldehyde solution was added to the
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counting. Then the 5-cm sections of sediments were stored in
liquid nitrogen for microbial molecular work. After return to the
lab, samples for microbial molecular work were stored in liquid
nitrogen at the Guangzhou Marine Geological Survey for three
months, and then transported with dry ice to the Geomicrobiology
Laboratory of China University of Geosciences (Beijing) and then
stored in a 80 C freezer until further analysis.
2.2. Geochemical analyses
Headspace methane concentration in the Core DSH-1 sediments
was measured using HP5890 Series II Gas Chromatography
onboard of the “Haiyang 4” during the cruise (Su et al., 2007).
Due to the lack of porewater data for Core DSH-1, the porewater
data fromCore GC 9 (Suess, 2005; Huang et al., 2008) were taken as
reference. However, it should be noticed that the SMI inCoreDSH-1
is about 200 cmbsf shallower than that in Core GC 9. According to
the SO177 report (Suess, 2005), pore water was extracted by pres-
sure filtration using a PE-squeezer on board of the SO177 cruise. The
squeezer was operated with argon at a pressure gradually increasing
up to 5 bar. Depending on the porosity and compressibility of the
sediments, up to 30 mL of pore water were retrieved from each core
section (30 cm). The pore water samples were filtered through 0.2-
mm cellulose acetate membrane filters and analyzed during the
cruise for alkalinity, chloride, ammonia, phosphate, hydrogen
sulfide, silicate, methane, sulphate, and bromide using previously
published methods (Table 1) (Suess, 2005).
Total organic carbon (TOC) content was determined on shore
in the geochemical laboratory of the School of Ocean Sciences,
China University of Geosciences (Beijing) according to the
modified procedures described elsewhere (Liu, 1996). Briefly,
about 0.5 g sediment was dried in air and mixed into 10 mL
potassium dichromate buffer solution (1/6  0.400 mol). The
resulting slurry was then heated at 175 C for 10 min, followed by
addition of 5 mL phosphoric acid buffer (acid:H2O Z 1:1).
Titration was performed using 0.2 mol ferrisulfas solution with
sodium diphenylamine sulfonate as an indicator.
2.3. Total microbial cell counts
Total microbial cells in the sediments were counted by using the
method of acridine orange direct count (AODC) as previously
described (Bottomley, 1994).
2.4. DNA extraction, PCR and phylogenetic analyses
Based on the profiles of pore water chemistry and AODC results,
three sediment subsamples (DSH1, 5e10 cm depth at the top;Table 1 Methods used for geochemical analyses.
Constituent Method
Chloride Titration
Total organic carbon Titration
Hydrogen sulphide Spectrophotometry
Methane Gas chromatography
Sulphate, chloride Ion chromatography
Note: Methods for pore water analyses were cited from the SO177 report (SDSH9, 400e405 cm depth in the middle, and DSH12,
550e555 cm depth at the bottom) were selected to correlate
microbial community structure with these geochemical results.
Community DNA was extracted from 0.5 to 1.0 g sediments by
using UltraClean soil DNA extraction kit (MoBio, Solana Beach,
Calif., USA) according to the manufacturer’s instructions.
16S rRNA genes were amplified with primers Arch21F and
Arch958R (DeLong, 1992) for archaea and with primers
Bac27F and Univ1492R (Lane, 1991) for bacteria, respectively.
PCR conditions are as following: initial denaturation at 95 C
for 5 min; 35 cycles of denaturation at 94 C for 30 s, annealing
at 55 and 54 C for 30 s, and extension at 72 C for 2 and
1.5 min (for bacteria and archaea, respectively); and a final
extension at 72 C for 10 min. All PCRs were run in triplicate.
PCR products were examined by electrophoresis on a 1%
agarose gel.
PCR products were purified using a Gel Spin DNA purifica-
tion kit (AXYGEN, USA), then ligated into the pGEM-T Easy
Vector (Promega, USA) and transformed into Escherichia coli
JM109 competent cells. Six clone libraries (three each for
bacteria and archaea) were constructed. Colonies were randomly
selected and analyzed for the 16S rRNA gene inserts.
Sequencing reactions were carried out with primers Arch21F and
Bac27F for archaea and bacteria with the BigDye Terminator
version 3.1 chemistry (Applied Biosystems, Foster City, USA).
The 16S rRNA gene sequences were determined with an ABI
3730 automated sequencer. Nucleotide sequences were assem-
bled and edited by using Sequencer v.4.8 (GeneCodes, Ann
Arbor, MI).
The potential presence of chimeric sequences was examined
with Bellerophon (Huber et al., 2004). The secondary-structures
of all obtained sequences were analyzed using the Vienna
RNA Package (Hofacker, 2003). Potential chimeric sequences
were removed. Operational taxonomic units (OTUs) were
determined using DOTUR (Schloss and Handelsman, 2005)
with a 97% cutoff value. Based on dissimilar distance and
pairwise comparisons, neighbour-joining phylogenetic trees
were constructed from with the JukeseCantor distance model
using the molecular evolutionary genetics analysis (MEGA)
program, version 4.1. Bootstrap replications of 1000 were
assessed.
2.5. Statistical analysis
The coverage (C) was derived from the equation C Z 1(n/N),
where n is the number of clones that occurred only once, and N is
the total number of clones examined (Mullins et al., 1995).
Rarefaction curves were calculated by the DOTUR program
(Schloss and Handelsman, 2005).Reference
Gieskes et al., 1991
Liu, 1996
Grasshoff et al., 1999
Niewohner et al., 1998
http://wwwodp.tamu.edu/publications/
notes/tn15/f_chem3.html
uess, 2005).
Figure 2 Depth profiles of sulphate (A), hydrogen sulfide (B), chloride
ion (C), methane (D) concentrations in pore water, microbial abundance
in the sediments as determined by AODC (E), and total organic carbon
content (F) (pore water data based on Suess, 2005).
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The sequences determined in this study were deposited in the
GenBank database under accession numbers GU475193-GU475255
and GU475256-GU475365 for archaea and bacteria, respectively.
3. Results
3.1. Geochemical results
Headspace methane concentration was about 2.1 mmol/L at the top
of the core, and increased with depth, reached to >20.4 mmol/L at
the bottom of the core (Table 2). According to the “SONNE” 177
cruise report (Suess, 2005; Huang et al., 2008), sulphate concen-
tration showed a decreasing trend with depth, from 29.1 mmol/L
at the top to 12.6 mmol/L at the bottom of the core (Table 2).
Correspondingly, hydrogen sulfide concentration increased from
zero above 250 cm to 1.6 mmol/L at the 550 cm depth (Table 2).
The concentration of Cl was approximately 550 mmol/L above
450 cm and slightly decreased below this depth (Table 2). TOC
content ranged from 0.5% to 0.7% (dry weight) (Table 2).
3.2. Microbial abundance
AODC results showed that the abundance decreased from
2.3  106 cells/g (wet weight) near the top to 0.5  106 cells/g at
200 cm depth, followed by an increase to the maximal value of
9.6  106 cells/g near the bottom. The trend corresponded to the
methane concentration variation throughout the core (Fig. 2E).
3.3. Clone library analyses
A total of 213 archaeal 16S rRNA gene clone sequences (104, 77,
and 32 for DSH1A, DSH9A, and DSH12A, respectively) and 182
bacterial 16S rRNA gene clone sequences (112, 33, and 37 for
DSH1B, DSH9B, and DSH12B, respectively) were subjected to
phylogenetic analyses. The numbers of the sampled clones rep-
resented 43.8%e100% coverage for the clone libraries (Table 3).
Rarefaction curves indicated that the number of OTUs for the
archaeal library for the middle and bottom samples nearly reached
saturation (Fig. 3A), but it was not enough for the surface sample,
especially for the bacterial library (Fig. 3B).Table 2 Geochemical parameters of the methane seepage core DSH-1
Sample number Depth (cm) CH4 (mmol/L) SO4
2 (mm
DSH1 5e10 2.05 29.1
DSH2 50e55 2.32 28.22
DSH3 100e105 2.53 28.31
DSH4 150e155 2.61 28.7
DSH5 200e205 1.59 28.63
DSH6 250e255 1.77 28.64
DSH7 300e205 2.49 28.46
DSH8 350e355 3.74 28.36
DSH9 400e405 5.45 25.75
DSH10 450e455 8.08 21.35
DSH11 500e505 12.73 15.27
DSH12 550e555 20.34 12.62
Note: SO4
2, H2S and Cl
 results cited from the SO177 report (Huang et al.Archaeal diversity decreased rapidly with depth along the core,
from fifty-four OTUs at the top to five and four OTUs at the
middle and bottom, respectively (Table 3). Bacterial diversity
showed a similar trend with depth. In the top sediments, eighty-
five OTUs were observed, but the number of OTUs decreased to
fifteen and ten (Table 3) for the middle and bottom sediment
samples, respectively. Among the identified groups, marine
benthic group (MBG)-B and halobacteria (21.2% each) were the
predominant groups for archaea (Table 3) and Proteobacteria
(25.9%) for bacteria (Table 3) for the top sediment sample. Within the northern SCS.
ol/L) H2S (mmol/L) Cl
 (mmol/L) w(TOC) (%)
0 555 0.51
0 551 0.51
0 558 0.56
0 556 0.65
0 557 0.58
0 556 0.79
14.80 554 0.61
17.20 554 0.61
5.60 556 0.50
1276.80 554 0.55
1824.00 546 0.59
1612.00 549 0.56
, 2008).
Table 3 Phylogenetic affiliations and compositions of archaeal and bacterial 16S rRNA gene clones retrieved from the methane seepage
sediments in the northern SCS.
Clone library DSH1 DSH9 DSH12
DSH1A DSH1B DSH9A DSH9B DSH12A DSH12B
Depth (cm) 5e10 400e405 550e555
No. of clone sequences 104 112 77 33 32 37
No. of OTUsa 54 85 5 15 4 10
Coverage (%) 69.2 43.8 100 81.9 100 83.8
Euryarchaeota
ANME-1 2 (6.3%)b
Halobacteriales 22 (21.2%)
MBG-D 22 (21.2%) 12 (15.6%)
SAGMEG 2 (1.9%) 14 (18.2%)
ADL 8 (25%)
UEC-1 10 (9.6%)
UEC-2 13 (12.5%)
Crenarchaeota
MBG-B 1 (0.96%) 30 (38.9%) 20 (62.5%)
MBG-C 16 (15.4%) 5 (6.5%)
MCG 9 (8.7%)
MGI 4 (3.8%) 2 (6.3%)
C3 5 (4.8%) 16 (20.8%)
Proteobacteria
Alphaproteobacteria 3 (2.7%)
Gammaproteobacteria 4 (3.6%) 1 (2.7%)
Epsilonproteobacteria 7 (6.3%)
Deltaproteobacteria 15 (13.4%) 1 (2.7%)
Acidobacteria 1 (0.9%)
Actinobacteria 1 (0.9%) 1 (3%) 1 (2.7%)
Chlorobi 5 (4.5%)
Chloroflexi 6 (5.4%) 26 (78.8%) 8 (21.6%)
Firmicutes 4 (3.6%)
JS1 2 (1.8%) 5 (15.2%) 26 (70.3%)
OP3 4 (3.6%)
OP8 4 (3.6%)
OP11 16 (14.3%)
Planctomycetes 17 (15.2%) 1 (3%)
Spirochaetes 3 (2.7%)
TM6 3 (2.7%)
Verrucomicrobia 3 (2.7%)
WS3 4 (3.6%)
Unclassified 10 (8.9%)
a Number of different OTU identified at the phylotype level.
b The number outside the parenthesis represents the number of clone sequences in the library, and the number inside the parenthesis is the relative
abundance of clones affiliated with each major group in the clone libraries.
Figure 3 Relative richness of archaea (A) and bacteria (B) shown through rarefaction analyses in the methane seepage sediments from the
northern SCS.
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DSH1A73 (GU475229)
Eastern Mediterranean sdiments clone 113A67 (EF687634)
DSH1A96 (GU475235)
Gulf of Mexico Sediments clone SURF-GC205-Arc10 (DQ521761)
DSH1A59 (GU475220) 4
Mangrove Soil clone MKCSM-G5 (DQ363833)
DSH1A1 (GU475193) 3
Skan Bay sediments clone  SBAK-shallow-42 (DQ640173)
DSH1A139 (GU475245)
DSH1A16 (GU475202) 2
Pacific Ocean Margin sediments clone ODP1244A5.5 (AB177232)
DSH1A38 (GU475213)
South China Sea sediments clone MD2896-A30 (EU048661)
South China Sea sediments clone (EU385832)
Nankai Trough ODP Leg 190 sediments clone NANK-A83 (AY436525)
DSH9A14 (GU475249) 12
DSH1A17 (GU475203) 4
DSH1A39 (GU475214)
Skan Bay sediments clone SBAK-mid-07 (DQ640150)
Skan Bay sediments clone SBAK-mid-69 (DQ640229)
Okhotsk coastal sediments clone OHKA1.30 (AB094526)
Skan Bay sediments clone SBAK-mid-68 (DQ640228)
DSH1A13 (GU475200) 3
DSH1A46 (GU475217)
DSH1-1A66 (GU475225)
DSH1A33 (GU475210) 5
Peru continental shelf sediments 1H5_E05 (DQ301986)
DSH1A130 (GU475243)
DSH1A8 (GU475195)
South China Sea sediments clone SCS-QBS-A31 (EF104088)
DSH1A116 (GU475238) 2
Santa Barbara Basin sediments clone A050A02 (FJ455912)
Cascadia Margin ODP Leg 892b sediments clone V.8.ArB20 (AY367348)
DSH12A17 (GU475255) 2
Marine sediments clone BA1b1 (AF134382)
DSH1A78 (GU475231)
Iheya Basin hydrothermal vent clone  pMC1A4 (AB019754)
DSH1A15 (GU475201) 4
Mid-Atlantic Ridge sediments clone pIR3AG06 (AY354120)
DSH1A67 (GU475226)
DSH1A21 (GU475206) 2
DSH1A9 (GU475196) 6
DSH1A18 (GU475204) 5
Mediterranean Cold Seep sediments clone Kazan-2A-04/BC19-2A-04 (AY591982)
Eastern Mediterranean sediments clone Urania-2A-34 (AY627512)
DSH1A91 (GU475233) 2
Baby Bare Seamount sediments clone FS266-25A-03 (AY704379)
DSH1A10 (GU475197)
DSH1A127 (GU475242)
South China Sea sediments clone MD2896-A21 (EU048656)
DSH1A37 (GU475212)
DSH1A138 (GU475244)
Juan de Fuca Ridge active hydrothermal field clone FZ1aA153 (AY165971)
Eastern Mediterranean volcano clone 104A11 (EF687522)
DSH1A65 (GU475224)
DSH1A12 (GU475199)
DSH1A69 (GU475228)
DSH1A63 (GU475222)
DSH1A104 (GU475236) 2
ODP Leg 201 sediments clone 4H3_ar22 (DQ302023)
DSH1A64 (GU475223)
DSH1A30 (GU475209) 3
Santa Barbara Basin sediments clone A163B09 (FJ455952)
Cheetham Salt Works sediments clone CSW6.14.5 (AY498648)
DSH12A7 (GU475254) 8
Tibetan Lakes sediments clone CEHLW-A11 (FJ155649)
Pacific Ocean Margin sediments clone ODP1227A5.28 (AB177032)
DSH1A112 (GU475237)
DSH1A118 (GU475239)
South China Sea sediments clone MD2896-A37 (EU385611)
DSH9A15 (GU475250) 14
Peru continental shelf sediments clone 1H5_D09 (DQ301983)
Crenarchaeota
Aquifex pyrophilus (M83548)
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Figure 4 Neighbour-joining tree (partial sequences, w700 bp) showing the phylogenetic relationships of archaeal 16S rRNA gene sequences
cloned in the methane seepage sediments from the northern SCS. Bootstrap values of >50% (for 1000 iterations) are shown. Aquifex pyrophilus is
used as the out-group. One representative clone type within each phylotype is shown and the number of clones within each phylotype is shown a
the end (after the GenBank accession number). If there is only one clone sequence in a given phylotype, the number “1” is not shown.t
Euryarchaeota
DSH9A1 (GU475247) 30
DSH12A5 (GU475253) 20
Nankai Trough sediments clone KM-r-0.28 (AB214523)
DSH1A19 (GU475205)
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38.9% and 62.5% for the middle and bottom samples, respec-
tively. For bacteria, Chloroflexi and JS1 groups became dominant,
and reached 78.8% and 70.3% for the middle and bottom samples,
respectively.
All the retrieved archaeal clone sequences were classified into
seven euryarchaeotal and six crenarchaeotal groups, respectively
(Table 3 and Fig. 4).
(1) Crenarchaeota. One hundred and eight clones were clustered
into the Crenarchaeota, which consisted of five major groups:MBG-B and -C (Vetriani et al., 1999), miscellaneous cren-
archaeotic group (MCG) (Takai and Horikoshi, 1999), marine
group I (MGI) (DeLong, 1992), and C3 (Inagaki et al., 2006).
Fifty-one clones (23.6% of the archaeal library) were affili-
ated with MBG-B (synonymous with the deep-sea archaeal
group, DSAG), and they were related to clone sequences
retrieved from the deep-sea sediments of northwestern
Atlantic Ocean (Vetriani et al., 1999) and the methane seep
sediments of Nankai Trough (Nunoura et al., 2006). Twenty-
one clones belonged to MBG-C and the closest relatives were
those retrieved from the Forearc Basin sediments (Reed et al.,
Y. Zhang et al. / Geoscience Frontiers 3(3) (2012) 301e316 3092002) and the Nankai Trough sediments (Newberry et al.,
2004). Nine clones were grouped into the MCG group.
They were related to the sediment clones from the Okhotsk
coast (Inagaki et al., 2003), Nankai Trough (Newberry et al.,
2004), Eastern Mediterranean (Heijs et al., 2008), and Skan
Bay (Kendall et al., 2007). Six clones were grouped into MGI
and the reference sequences were retrieved from the Iheya
North field hydrothermal vent (Nakagawa et al., 2005) and the
Antarctic bathypelagic sediments (Gillan and Danis, 2007),DSH1B5 (GU475259) 
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(2) Euryarchaeota. A total of 105 clones clustered into the Eur-
yarchaeota, which consisted of seven phylotypes: MBG-D
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Antarctic deep lake (ADL) (Burns et al., 2004), and two
Uncultured Euryarchaeotic Clusters (UECs). Thirty-three
clones (15.5% of the archaeal library) were grouped into
MBG-D. They were related to the clones retrieved from the
sediments in Eastern Mediterranean (Omoregie et al., 2008),
Okhotsk (Inagaki et al., 2003), SCS, Skan Bay (Kendall et al.,
2007), Gulf of Mexico (Lloyd et al., 2006) and the Cascadia
and Peru Margins (Inagaki et al., 2006). Sixteen clones
belonged to the SAGMEG and grouped with those retrieved
from the Peru Margin (Sorensen and Teske, 2006) and the
SCS sediments. Twenty-two clones were grouped into Hal-
obacteriales and they were related to the clones retrieved
from Mediterranean (Heijs et al., 2007, 2008), the Iheya Basin
hydrothermal vent (Nakagawa et al., 2005), Mid-Atlantic
Ridge (Nercessian et al., 2005), and the Baby Bare
Seamount sediments (Huber et al., 2006). Two sequences
belonging to the ANME-1 group were related to clones
obtained from the Cascadia Margin (Lanoil et al., 2005) and
methane-consuming sediments from the Eel River basin
(Hinrichs et al., 1999). Twenty-three clones formed the two
UECs. They all belonged to the DSH1A clone library. Ten
clones formed the UEC-1 group and they were related to the
clones recovered from SCS (Jiang et al., 2007), Peru conti-
nental shelf (Sorensen and Teske, 2006), and Santa Barbara
Basin sediments (Harrison et al., 2009). Fourteen clones were
grouped into the EUC-2 group and were related to clone
sequences from the SCS (Li et al., 2008a), Juan de Fuca
Ridge active hydrothermal field (Schrenk et al., 2003),
Eastern Mediterranean Volcano (Omoregie et al., 2008), and
Santa Barbara Basin (Harrison et al., 2009).
One hundred and eighty-two bacterial clones could be classi-
fied into fifteen phylogenetic groups (Table 3), among which
Proteobacteria, Chloroflexi, and JS1 (Rochelle et al., 1994) were
the dominant groups in the top, middle and bottom samples,
respectively (Fig. 5).
Proteobacteria accounted for 17% of the whole bacterial
library and consisted of four distinct subdivisions: Alpha-, Delta-,
Gamma-, and Epsilonproteobacteria (Table 3 and Fig. 5A). Most
of these sequences were obtained from the top sediment sample.
Three clone sequences were affiliated with the Alphaproteobac-
teria group, and they were related to Sulfitobacter sp. and one
clone sequence (AB247855) retrieved from Lau Basin hydro-
thermal vents. Sixteen sequences were grouped into the Deltap-
roteobacteria, and they were affiliated with a sulphate-reducing
bacterium (Desulfuromusa sp.) at the >90% similarity level. Most
of the Deltaproteobacteria clones were related to clone sequences
retrieved from the sediments from Southern Okinawa Trough,
Pacific Ocean Margin, and SCS. One clone sequence (GU475269)
was (94% similarity) related to a sulphate-reducing bacterial
(SRB) clone (Desulfocapsa sp., DQ831556) detected from marine
sediments. However, other Deltaproteobacteria sequences were
also related to this clone sequence (DQ831556) and another
sulphate-reducing bacterium (Desulfuromusa sp., EU283459) at
>90% similarity level. In addition, other reference clone
sequences from the GenBank (such as AB177191) were retrieved
from the Peru Margin methane hydrate sediments which was also
related to the SRB Desulfobacterium aniline (Inagaki et al., 2006).
Therefore, SRB-related sequences were abundant within this core.
Seven sequences were grouped into the Epsilonproteobacteria,
which were related to sequences of Helicobacter sp. retrievedfrom the Sagami Bay (Fang et al., 2006) and the Peru Margin
sediments (Inagaki et al., 2006). Five sequences were related to
the Coxiella sp., Thioalkalivibrio sp. and Psychrobacter sp., and
they were classified into the Gammaproteobacteia group. Chlor-
oflexi and JS1 were the dominant groups (accounting for 78.8%
and 70.3%, respectively) in the middle and bottom samples.
Thirty-seven clone sequences were affiliated with Chloroflexi, and
they were related to the sediment clones isolated from the Gulf of
Mexico (Nunoura et al., 2009), Santa Barbara Basin (Harrison
et al., 2009), Pacific Ocean Margin (Inagaki et al., 2006), and
SCS (Li et al., 2008b). Thirty-three sequences were affiliated with
JS1, and they were closely related to sequences retrieved from the
methane hydrate-bearing sediments in Nankai Trough (Reed et al.,
2002) and Cascadia Margin (Inagaki et al., 2006).
Besides the clones affiliated with the three predominant
phylogenetic groups above, other clones were affiliated with
several minor groups, such as Acidobacteria, Actinobacteria,
Chlorobi, Firmicutes, Planctomycetes, Spirochaetes, Verrucomi-
crobia, OP3, OP8, OP11, TM6 and WS3, and unclassified groups,
each accounting for a few percent of the total (Fig. 5B and
Table 3). Most of these clones were retrieved from the top sample
except that two clone sequences from the middle sediment sample
were grouped into Actinobacteria and Planctomycetes, and that
one clone sequence from the bottom sample was grouped into
Actinobacteria.
4. Discussion and conclusions
4.1. Low microbial abundance
Microbial abundance in the DSH-1 core was lower than other SCS
areas, which were typically around 107 cells/g counted by AODC
(Jiang et al., 2007) and 109 cells/g counted by fluorescence in situ
hybridization (FISH) (Li et al., 2008a), and a few other cold seep
sediments, such as Nile Deep Sea Fan, which was typically around
109 cells/g counted by FISH (Omoregie et al., 2009). But the
microbial abundance in the DSH-1 core was a little higher than
another site (<1.5  106 cells/g sediments), which retrieved from
the shallow water cold seep area far from the seep vent in the
Dongsha area (Su et al., 2007).
w(TOC) content can reach 11% in organic-rich sediments
(Patience et al., 1990), in contrast with <1% in organic-poor
sediments (Coolen et al., 2002; Newberry et al., 2004). It is
proposed that microbial abundance inmarine sediments is related to
the concentration of TOC (Parkes et al., 2000). The relatively low
abundance of microbes at the study site may be as a result of the low
total w(TOC) concentration (from 0.49% to 0.65%, Table 2).
In addition, the depth-related variation of the microbial abun-
dance showed the same trend as the headspace methane concen-
tration profile (Fig. 2D and E). This positive correlation suggested
that microbes seem to be sensitive to variations of methane
concentration and they may be using methane as an energy source.
4.2. Microbial diversity and biogeochemical processes
4.2.1. High microbial diversity
High archaeal and bacterial diversity reflected in ten phylotypes of
archaea and fifteen phylotypes of bacteria (Table 3) detected at the
5e10 cm depth in this core. In contrast, at the Qiongdongnan Basin
sediments of the SCS, just two bacterial phylotypes and six archaeal
phylotypes were detected (Jiang et al., 2007). In Xisha Trough at
Y. Zhang et al. / Geoscience Frontiers 3(3) (2012) 301e316312about 10 cmbsf, eight bacterial and seven archaeal phylotypes were
detected (Li et al., 2008b). At Shenhu (Zhang et al., 2010) and
Nansha (Li et al., 2008a) surface sediments, there were six archaeal
and seven bacterial phylotypes were detected, respectively.
In Western Pacific, like Nankai Trough cold seep surface
sediments, only Proteobacteria, SpirochaetaceaeeCytophaga,
gram-positive bacteria, an unknown group bacteria, MGI, and
ANME archaea were detected (Arakawa et al., 2006). In Sagami
Bay, three bacterial and a few archaeal groups were found (Fang
et al., 2006). In Japan Trench, three phylotypes of bacteria, Pro-
teobacteria, Cytophaga, and gram-positive bacteria, and MGI and
some methanogenic archaea were detected (Li et al., 1999). At
Florida Escarpment surface sediments, five phylotypes of bacteria
and one group of Methanosarcinales and 3% Crenarchaeota were
discovered (Reed et al., 2006). In the Gulf of Mexico hydrocarbon
seep, several bacterial phylotypes Proteobacteria, Firmicutes and
Actinobacteria and archaeal phylotypes Methanosarcinales and
Thermoplasmales were found (Mills et al., 2003).
We were unable to explain the differences at the present time,
and could only roughly assume that the high microbial diversity in
studied core might be controlled by much complex geochemical
or micro-ecological conditions in the cold seep area of the
northern SCS.
4.2.2. Microbial biogeochemical processes
According to pore water data from the referenced Core GC 9 and
headspace methane concentration of Core DSH, the profiles of
sulphate, hydrogen sulfide and methane (Fig. 2A, B and C) in this
core suggested that there may be a coupled biogeochemical
process: sulphate reduction and AOM below the water-sedimentFigure 6 Relative abundance of main taxonomic groups of 16S rinterface, which is consistent with the previous findings in the same
area (Suess, 2005; Huang et al., 2008). Although AOM is still an
unclear process, field and laboratory studies have provided ample
evidence that AOM can be mediated by a structured consortium
consisting of the ANME group and SRB (Knittel et al., 2005) or
mediated by ANME-1 alone (Knittel and Boetius, 2009). The
syntrophic consortium of SRB and anaerobic methane oxidizers is
typically present in gas hydrate communities (Boetius et al., 2000;
Orphan et al., 2001). However, these two groups appear to be
present at the study site. For example, certain clone sequences of the
ANME group (DSH12A17 in Fig. 4) and SRB-related sequences
(Fig. 5A) were detected at the bottom sediments, where themethane
concentration was high. This coexistence of the ANME- and SRB-
related clones indicated that sulphate reduction might be coupled
with AOM at this depth in the core.
Archaeal group MBG-B was originally found at deep-sea
sediments (Vetriani et al., 1999) and hydrothermal vent sites
(Takai and Horikoshi, 1999) and in present in a number of deep
subsurface and hydrothermal vent sites (Takai and Horikoshi,
1999). Subsequently, this group was reported from deep sedi-
ments in hydrate zones at Nankai Trough, Peru continental shelf,
and the sea of Okhotsk (Reed et al., 2002; Inagaki et al., 2003;
Sorensen and Teske, 2006; Dang et al., 2009, 2010). Inagaki
et al. (2006) showed that clone libraries from hydrate-bearing
sites of the Cascadia and Peru Margins were dominated by
MBG-B especially in the sulphate reducing zone in shallow
sediments above gas hydrates. Thus, this group was proposed to
play an important role in biogeochemical processes such as
sulphate reduction and methane oxidation (Biddle et al., 2006). In
this study, the percentage of the MBG-B increased with depth, andRNA gene identified in archaeal (A) and bacterial libraries (B).
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the core, respectively. Simultaneously, at these depths the chlor-
idion showed a negative abnormity (less than seawater average
value) and the methane concentration showed a sharp increase
(Fig. 2C and D). These microbial and the geochemical parameters
illustrated that the geochemical environments was comparable to
the gas hydrate sediments in Cascadia and Peru Margins (Inagaki
et al., 2006). There might be an upward methane diffusion from
the sediments below.
Bacterial major groups were Chloroflexi and candidate division
JS1. Chloroflexi was dominant in the middle sample and was
a significant fraction in the bottom sample (Fig. 6B). This phylum
has been recognized as a typical bacterial cluster containing
a number of diverse environmental clones (Hugenholtz et al.,
1998). The 16S rRNA gene sequences obtained from marine
sediments are frequently present within the classes Anaerolineae,
Caldilineae, ‘Dehalococcoidetes’, and the unclassified subphylum
IV (Reed et al., 2002; Inagaki et al., 2003, 2006; Kormas et al.,
2003; Parkes et al., 2005). Within these classes, only a few
representatives are obtained in culture, and thus characteristics
about their metabolic functions remain limited. However, based on
relatedness of clone sequences to cultures, Inagaki et al. (2006)
inferred that closely related members of heterotrophic Chloro-
flexi living in marine sediments may grow syntrophically with
hydrogenotrophic Chloroflexi species or other hydrogenotrophic
microbes such as methanogens. Albeit speculative, the dominance
of Chloroflexi clones in our study may be due to the presence of
abundant methane at the investigated locations. Webster et al.
(2007) showed that Chloroflexi and candidate division JS1 seem
to be well suited to life in the subsurface and are often associated
with organic-rich sediments. JS1 was another predominant group
of the bacterial libraries, especially at the bottom sample where
there was abundant methane (Fig. 2D and B). This group has
previously been found in methane-rich subsurface sediments
where gas hydrates are present (Inagaki et al., 2006), suggesting
that these bacteria may prefer sedimentary habitats with high
concentrations of methane associated with hydrates (Inagaki et al.,
2006). This discovery suggests that some members of this division
may be associated with methanogenic consortia and that others are
adapted to or can tolerate high pressures (Webster et al., 2004).
However, representatives of this group have not been cultivated as
yet, and thus their metabolic pathways remain unknown (Blazejak
and Schippers, 2010). Only indirect evidence from stable-isotope
probing exists suggesting that members of this clade are able to
incorporate acetate and glucose (or glucose metabolite) under
anaerobic, sulphate-reducing conditions (Webster et al., 2006b).
Previous studies (Inagaki et al., 2006; Webster et al., 2006a)
indicated that Chloroflexi and JS1 bacteria occur widely in
organic-rich deep marine sediments. TOC in this core was much
lower (Table 2) than other sediments (Webster et al., 2006a, and
references in this article). But Chloroflexi and JS1 bacteria were
abundant below 400 cm in this core. That might indicate that the
presence of these two groups bacteria have no direct relation with
TOC content. Microbial communities can be stratified in deep
marine sediments, and surrounding geochemical and geological
settings strongly affect the community structure.
As discussed above, although the metabolic functions of the
MBG-B group of archaea, and Chloroflexi and JS1 of bacteria are
largely unknown, the recognition of microbial populations that
consistently occur in the presence of methane hydrates serves as
a starting point for defining their ecological and biogeochemical
significances (Inagaki et al., 2006). So the retrievability of theseuncharacterized phylogenetic clades in our study might further
corroborate that metabolic functions of these microorganisms are
related to methane seepage.
In conclusion, our data indicated a high microbial diversity in
the cold seep at the northern SCS, especially in the surface sedi-
ments, in contrast with other areas of the SCS, and with other cold
seeps worldwide. The major groups were consistent with those
previously detected in various cold seep environments, including
methane/organic-rich and/or putative gas hydrate-bearing marine
sediments (Inagaki et al., 2006). Some unique phylotypes were
also present in sediments studied. Combined geochemical and
microbial data suggested a coupled reaction of sulphate reduction
and methane oxidation at this methane seepage site.Acknowledgements
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